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ABSTRACT
 
Electric arc furnace (EAF) dust is one of the largest solid waste streams 
produced by steel mills, and is classified as a waste under the Resource 
Conservation and Recovery Act (RCRA) by the U.S. Environmental Protection 
Agency (EPA). Successful recycle of the valuable metals (iron, zinc, and 
lead) present in the dust will result in resource conservation while 
simultaneously reducing the disposal problems. Technical feasibility of a 
novel recycling method based on using hydrogen as the reductant was 
established under this project through laboratory experiments. Sponge iron 
produced was low in zinc, cadmium, and lead to permit its recycle, and 
nontoxic to permit its safe disposal as an alternative to recycling. Zinc 
oxide was analyzed to contain 50% to 58% zinc by weight, and can be marketed 
for recovering zinc and lead. A prototype system was designed to process 2.5 
tons per day (600 tons/year) of EAF dust, and a preliminary economic analysis 
was conducted. The cost of processing dust by this recycling method was 
estimated to be comparable to or lower than existing methods, even at such low 
capacities. 
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EXECUTIVE SUMMARY 
Electric Arc Furnace (EAF) dust is produced during the melting of steel 
in the furnace, and is collected in baghouses. The annual rate of production 
of EAF dust is estimated at 650,000 tons. Over 70,000 tons of it originates 
in Illinois. EAF dust produced by the steel industry is divided into two 
general categories - dust produced from steel mills, and dust produced from 
steel foundries. Even though the dust produced from both sources is similar 
in chemical characteristics, disposal restrictions are different based on its 
source. EAF dust produced by steel mills is a listed waste (K061) under the 
Resource Conservation and Recovery Act (RCRA), and its delisting is difficult 
due to the presence of leachable lead and cadmium. The U.S. Environmental 
Protection Agency (EPA) has included the EAF dust produced from steel mills 
under the land ban restrictions beginning in 1990. EAF dust produced from 
steel foundries is considered to be a characteristic waste by the EPA, and is 
currently not sUbjected to the land ban restrictions. Additional metal 
production wastes with similar characteristics and disposal restrictions 
include blast furnace dust and cupola dust. The cost of disposal of EAF dust 
is currently estimated at $20 million per year for the steel industry located 
in Illinois, and about $200 million per year for the entire U.S. steel 
industry. 
The overall objective of this project was to develop a method for recyc­
ling the valuable metals present in the dust. The recycling method is based 
on high-temperature reduction of iron, zinc, lead, and cadmium oxides present 
in the dust in the temperature range of 1000° to 1100°C in a furnace. The 
product vapors containing hydrogen, steam, zinc, lead, and cadmium are cooled 
xi 
and humidified by addition of water. Reduction in temperature to about 150°C 
and increase in the partial pressure of steam reverses the reaction and 
oxidizes zinc~ lead~ and cadmium. This results in regeneration of hydrogen. 
Metal oxides are removed from hydrogen and steam using a baghouse~ and steam 
is subsequently removed by condensation. The residual hydrogen is 
recirculated to the furnace along with fresh hydrogen to continue the process. 
Laboratory experiments were conducted in this project to determine the 
technical feasibility of the recycling method. Dust samples were obtained 
from two steel mills and one steel foundry operating EAF, and one iron foundry 
operating cupolas. Recycling experiments were conducted using an experimental 
system designed and fabricated as a part of this project. The recycling 
experiments~ conducted in the temperature range of 1000° to 1100°C~ 
successfully produced sponge iron and zinc oxide. The zinc oxide contained 
50% to 56% Zn (62%-70% ZnO) by weight, and sponge iron contained 50% to 58% 
iron. Other metals originally present in the dust were also removed from the 
sponge iron, and were collected along with zinc oxide. The concentrations of 
lead and cadmium were low in the sponge iron, and this will permit its recycle 
to the EAF. 
The sponge iron and original dust samples were also analyzed to determine 
the concentration of heavy metals in the leachate using EPTC test procedures 
to determine their toxicity. The concentration of lead and cadmium in the 
leachate obtained using the original American Steel Foundries (ASF) dust was 
about 20 times higher than the maximum allowable limits. The leachates 
obtained using sponge iron samples showed heavy metal concentrations that were 
two orders of magnitude below the EPA allowable limits. This will permit 
delisting and safe disposal of the sponge iron as an alternative for the steel 
mills that do not wish to recycle the sponge iron. 
xii 
A prototype system capable of processing 2.5 tons of dust per batch was 
designed on a preliminary basis in order to develop specifications for unique 
equipment based on material and energy flow rate calculations. A preliminary 
hazard analysis showed that the equipment can be operated without hydrogen 
explosion hazards with the use of nitrogen purging prior to and after hydrogen 
usage at high temperatures. 
An economic analysis was also conducted to determine the approximate 
capital and operating costs, and dust processing costs prior to and after 
taking into account the credits for recovered metals. The capital cost was 
estimated to be $364,650 excluding the cost of land, buildings, and infra­
structure. The annual operating costs were $156,400 including a 15% per year 
depreciation allowance for the capital equipment. Cost of processing dust was 
estimated to be $261 per ton before taking into account credits for iron and 
zinc oxides. The net cost of processing dust was estimated to be $159/ton for 
1 shift/day operation, and $98/ton for 3 shift/day operation. These costs are 
comparable to or lower than current costs of disposal by stabilization and 
land disposal. The capital and operating costs can be further reduced for 
plants processing larger volumes of dust per year. 
Encouraging results obtained from the current program warrant further 
development of the EAF dust recycling process from prototype phase through 
commercialization. lIT Research Institute (IITRI) has prepared a proposal for 
design, fabrication, and testing of the prototype system for funding consider­
ation by HWRIC. 
xiii 
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1. INTRODUCTION 
Composition of the EAF dust varies considerably depending on its 
source. Most of the earlier attempts to recover the valuable metals present 
in the dust were aimed at recovery of zinc followed by land disposal of the 
remainder (MacRay, 1985). Land disposal of the untreated dust is expected to 
be banned shortly due its leachable lead, cadmium, and chromium metals. Some 
of the recent treatment attempts were focused on chemical fixation of the dust 
to reduce its leachability to obtain delisting prior to land disposal. The 
IITRI approach, that was developed at the request of the local steel mills, 
results in complete recycle and eliminates land disposal. A brief description 
of the dust, and a review of the earlier work on its processing is presented 
below along with advantages of the proposed technology. 
The analysis of EAF dust can vary from plant to plant and from one melt 
to the next depending on the type of scrap used. The zinc content of the dust 
is generally considered to be increasing due to the increased use of 
galvanized steel in automobiles. A recent survey conducted by CMP (MacRay, 
1985) reports the zinc content to range from 5 to 50% by weight, with a median 
value of about 19%. Annual dust production ranges from 500 to 10,000 tons per 
year per steel mill with a median value of 4600 tons per year. Disposal 
options, and the portion of the total dust disposed by each method in 1985, 
are given below. 
Method %Total 
Landfill 73.0 
Fertilizer manufacture 8.9 
Zinc recovery 14.5 
Others 3.6 
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1.1 REVIEW OF PAST DUST PROCESSING TECHNOLOGIES 
A number of approaches were investigated earlier for processing of EAF 
dust. These are divided into three broad categories - direct recycle, on-site 
processing, and regional processing. A major drawback of all the earlier 
attempts is the requirement for disposal of the iron rich product after 
recovery of zinc. The method developed under this program, on the other hand, 
is based on producing a sponge iron product that can be recycled. A brief 
review of these technologies is presented below. 
Direct Recycle. The purpose of direct recycle is to enrich the zinc 
content of the dust by recycling it to the electric arc furnace 
(Radhakrishnan, et al., 1986). Zinc content of the dust can be increased to 
above 20% by weight by this method. However, Bethlehem Steel reported 
deterioration of the billet quality due to increase ;n porosity (MacRay, 
1985). Direct recycle is not considered to be practical. 
On-Site Processing. A number of plasma-based approaches were developed 
for on-site processing of the dust to produce either zinc oxide or elemental 
zinc. The Center for Metals Production (CMP) recently sponsored a pilot 
investigation to process 100 tons of EAF dust using the Tetronics plasma 
recycling process (MacRay and Cowx, 1988). Zinc and lead present in the dust 
are recovered as a mixed oxide or as impure metal. Iron and other materials 
present in the dust are discarded as slag. The capital costs for this system 
(excluding bUilding modification, infrastructure, etc.) are estimated to be 
$1,900,000 for an annual capacity of 6,500 tons. The operating costs and 
capital charges were reported to be $187/ton and $59/ton, respectively. The 
net cost of processing dust was reported to vary from $200/ton to a net credit 
of $400/ton, depending upon the zinc content of the original dust and the 
2
 
value of zinc. These costs are comparable to the current cost of $200 to 
$400/ton for chemical stabilization followed by disposal in a landfill. 
Regional Processing. Regional processing offers an economic advantage 
over on-site processing through economics of scale-up (Pasuteri, et al., 
1986). Horsehead is currently operating two regional facilities at Palmerton, 
Pa. and Calumet City, Ill. Slow rate of reaction with carbon makes the 
process economical for dusts containing 20% or more zinc by weight. A number 
of other processes were recently reported by Davy-McKee, Elkem, Zia, 
Westinghouse, and others. 
1.2 DESCRIPTION OF THE PROPOSED RECYCLING TECHNOLOGY 
The key to recycling EAF dust is in removal of zinc from the dust. 
Presence of zinc interferes with normal EAF operation due to its high 
volatility. IITRI reviewed existing technology for removing zinc from such 
materials, and concluded that high-temperature reduction processes would be 
the most economical. Application of conventional technology using carbon as 
the reductant will remove reduced zinc oxide as zinc vapor, and produce a 
sponge iron residue unsuitable for recycling due to the unreacted carbon and 
ash. Use of hydrogen as the reductant can produce clean sponge iron residue 
that can be recycled. 
Ferric oxide and zinc oxide, the two main ingredients of EAF dust, are 
reduced to sponge iron and zinc vapors using hydrogen in the process reactor 
at 1000 0 to l100°C according to the following reactions: 
(1) 
(2) 
3 
Product vapors containing zinc t water, and unreacted hydrogen are humidified 
and cooled to about 200°C by injecting liquid water into the humidification 
chamber. This will drive reaction (2) in the reverse direction with recovery 
of solid zinc oxide and hydrogen. Gases exiting the humidification chamber 
are cooled to condense the water vapor t and gaseous hydrogen is recirculated 
to the process chamber. The only products from the process are zinc oxide 
that can be sold to a zinc smelter t sponge iron that can be recycled to the 
electric arc furnace, and water. The process thus completely eliminates land 
disposal and results in resource recovery. This method has additional 
advantages over conventional technologies that use carbon as the reductant. 
These include orders of magnitude faster kinetics t production of benign water 
vapor compared to noxious carbon monoxide, elimination of carbon handling 
facilities, and lower capital costs which will permit small generators to 
install and operate this system. Since the method is based on on-site 
recycling t it also eliminates the cost and risks involved with transportation 
of the dust to either regional facilities or landfills. 
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2. DESIGN AND FABRICATION OF RECYCLING SYSTEM
 
The experimental system to evaluate the EAF dust recycling technology is 
designed to process about 2 lbs. of dust per batch. It consists of a reducing 
chamber in which the metal oxides are reduced to elemental form and zinc is 
vaporized, an oxidizer in which zinc vapor is oxidized using steam and 
hydrogen is regenerated, and a condenser/separator to separate hydrogen from 
water, as illustrated in the Figure 1. A brief description of each of the 
components of the system is given below. 
2.1 REDUCING CHAMBER 
The reducing chamber is made of 3" schedule 40 stainless steel (316) 
pipe. It is about 24" long with a welded plate at the bottom, and a flange 
connection at the top. The top flange can be opened for loading the initial 
dust and to remove the sponge iron residue after the experiments. The chamber 
can be heated to the desired temperature of about lI0Q a e using semi-circular 
ceramic heaters. The heaters have an internal diameter of 511 and are 18 11 
long. The system is arranged such that the top flanges are not directly 
heated. This will permit maintaining the bulk of the chamber around 1100 a C, 
while keeping the flanges at a lower temperature of about 200 a C. Graphite 
gaskets are used for sealing at flanges. 
Three thermocouples are used to measure the temperature of the dust at 3 
locations, and a fourth one was used to measure the temperature of the 
flange. An additional thermocouple is used to measure the temperature on the 
outside of the reducing chamber. Hydrogen can be supplied to the reduction ­
chamber using an opening in the top flange. Volumetric flow rate of hydrogen 
gas is measured using a flowmeter. A pressure gauge is also provided. 
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Figure 1. Experimental Set-up for EAf Dust Recycle Experiments. 
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The bottom of the reducing chamber has a 3/4" thick wall tube connection 
for flow of product vapors to the oxidizer. The product vapors are a mixture 
of zinc, steam and hydrogen. The vapors are conveyed to the oxidizer, and the 
transfer line is heated to about 1000 0 e using 211 ceramic heaters. 
2.2 OXIDIZER 
The oxidizer is fabricated using 2" stainless steel (316) pipe. It is 
about 18" long with the middle 611 portion heated to about gOODe using ceramic 
heaters. The bottom of the oxidizer has a threaded connection with a cap. 
The top has a flange connection. The flange is equipped with connections for 
inserting a thermocouple, and for removal of steam and hydrogen. Water can be 
sprayed into the oxidizer as shown in the figure. A flowmeter is used to 
measure the rate of water injection. Zinc vapors are oxidized to form solid 
zinc oxide in the oxidizer. 
2.3 WATER/HYDROGEN SEPARATION 
The vapor stream from the oxidizer is a mixture of hydrogen and steam. 
One-half inch stainless steel tubing, further reduced to 1/4-in. tUbing, is 
used to supply the vapor stream to the water-cooled heat exchanger. Water 
vapor is condensed and collected. Hydrogen gas is vented after measuring its 
flow rate using a calibrated wet test meter. 
2.4 INSTRUMENTATION 
Instrumentation used in the recycling experiments include thermocouples, 
flowmeters, and pressure gauge. A total of g thermocouples are used to 
measure the temperature of dust at various locations inside the reducing 
chamber and transfer lines. The rate of flow of hydrogen into the reducing 
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chamber is measured using a rotameter. Another rotameter is used to measure 
the flow rate of water into the oxidizer. The rate of flow of hydrogen in the 
exit stream is measured using a wet test meter. A pressure gauge is provided 
to determine the hydrogen pressure at the inlet. Since the system is vented 
to atmosphere at the outlet, the pressure determined at the inlet provides 
total pressure drop through the entire system. 
2.5 FABRICATION AND CHECK-OUT 
The dust recycling system was fabricated using stainless steel 
components. Machining and welding of the individual components was done by 
IITRI machine shops. The components were assembled on a convenient Unistrut 
rack to permit easy assembly and disassembly. Ceramic heaters were installed 
on the reducing chamber, transfer line, and the oxidizer. Electrical 
connections were made using variacs and temperature controllers. 
Thermocouples, flow meters, pressure gauge, and other necessary 
instrumentation was attached to the system. Flowmeters and the wet test meter 
were calibrated under system operating conditions. The entire system was 
heated to a temperature of 1100°C, and was pressure checked. The heating 
elements, gaskets, and instruments performed satisfactorily. 
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3. RECYCLING EXPERIMENTS - RESULTS AND DISCUSSION 
A total of 9 dust recycling experiments were conducted using the experi­
mental system designed and fabricated for dust recycle. Eight of the recycle 
experiments were conducted using electric arc furnace (EAF) dust~ and one was 
conducted using cupola dust. Difficulties were encountered in the first 3 
experiments due to excessive pressure required to maintain the flow of 
hydrogen. These difficulties were overcome by enlarging the diameter of the 
product transfer line and by creating additional screen area in the 
oxidizer. Remaining experiments proceeded smoothly. All the experiments were 
successful, and removed zinc, lead and cadmium from the dust. 
Table 1 lists the experimental conditions for the recycle experiments. 
TABLE 1. EXPERIMENTAL DETAILS OF RECYCLING EXPERIMENTS 
Experiment No. 
Parameter 2 4 5 6 7 8 
Source of Dust, Inland ASF ASF ASF ASF ASF Finkl GPPC 
Recycl ing Temperature, °C 1laO 1100 1100 1050 1000 950 1050 1050 
Weight of Initial Charge, g 1240 1500 1000 1000 1000 1000 1440 1240 
Weight of Sponge Iron, g 1095 530 505 517 710 1112 860** 
Weight of Zinc Oxide, g 25 67 88 90 16 17 119 
Flowrate of H2' ~/m 1.7-5.8 7.8 7.5-7.9 5.1 5.1 1-4.0 3.6-5.1 2.5-5.0 
Time of Reaction, min 95 95 120 165 180 190 165 120 
Total H2 Usage, ~ 127 132 161 154 ..... 50* 232 150 
Experiment no. 3 was termined due to a leak in the product transfer I ine, and hence data from the 
experiment is not avai lable. 
*Fluctuations in the flowrate of hydrogen prevent accurate determinai ion. 
**The residue contained only 13% iron, and was hence nonmagnetic. 
Dust samples obtained from Inland Steel Co., A. Finkl &Sons Co.~ and Griffin 
Pipe Products Co. were used in 1 experiment each, and the dust sample from 
American Steel Foundries was used in 6 experiments. Increase in the 
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concentration of iron oxides and/or the temperature will increase the rate of 
hydrogen utilization for the reduction reactions. Hence, rate of flow of 
hydrogen in the experiments was varied between 1 and 8 liters per minute 
depending on the temperature and composition of dust. Temperature of the dust 
was varied between 950 0 and 1100°C. The experimental system performed 
satisfactorily over the entire range of operating conditions with the dust 
samples obtained from Inland Steel, Finkl &Sons, ASF, and GPPC. Additional 
details of the dust samples and experiments are given in the remainder of this 
section. 
3.1 DESCRIPTION OF DUST SAMPLES 
The composition of EAF dust varies considerably depending on the type of 
scrap used for melting and the melting practices used. For this purpose, 
three EAF dust samples representing various melting practices were obtained. 
One additional sample of dust from an iron foundry operating cupolas was also 
obtained. 
The first sample of EAF dust was obtained from Inland Steel Company, 
Indiana Harbor Works. The baghouse dust at Inland Steel is conveyed from the 
baghouse collection bins to a balling drum. The dust sample was taken 
directly from the balling drum and shipped to IITRI. The second sample was 
obtained from A. Finkl &Sons Co., and the third sample was obtained from 
American Steel Foundries (ASF), Alliance, Ohio. Both of these samples were 
taken directly from baghouse discharge bins. 
IITRI requested the three steel companies to provide available chemical 
analysis data. Data received is shown in Table 2. The range of chemical 
analysis data show large variations in metal content. Zinc content was 
observed to vary from 3% to 26% by weight. Finkl &Sons uses relatively high­
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quality scrap, and thus reported the lowest zinc content. On the other hand, 
ASF reported the highest zinc content. 
TABLE 2. TYPICAL COMPOSITION OF EAF DUST 
Analysis, %by Weight 
Finkl &Sons Inland Steel ASF* 
Iron 35.0 32.8 - 72.9 29.6 
Chromium 1.4 0.11 - 0.18 
Zinc 3.1 3.9 - 10.3 26.4 
Lead 0.93 2.1 - 2.4 2.6 
Cadmium 0.04 0.04 - 0.06 
Calcium 4.7 6.0 - 6.6 3.5 
Manganese 6.2 3.5 - 5.4 3.5 
Magnesium 3.7 1.6 - 2.1 1.8 
Sodium 2.9 0.45 - 0.66 1.4 
Potassium 0.94 0.8 - 1.0 0.8 
Aluminum 0.40 0.22 - 0.35 0.2 
Copper 0.20 0.1 - 0.2 0.3 
Silicon 0 1.1 - 1.3 1.7 
*Elemental composition calculated from oxide analysis. 
Each dust sample was split into 4 fractions by coning and quartering. A 
small portion of the sample was further separated for analysis. The samples 
were sent to Commercial Testing and Engineering Co. for determination of the 
concentration of iron, chromium, zinc, lead, and cadmium. Results are shown 
in Table 3. Analysis of the samples received by IITRI are in general agree­
ment with the data supplied by the steel companies. The concentration of 
metals are within 10% of the typical composition data supplied by the steel 
mills. The differences are probably due to changes in the type of scrap on a 
daily basis. 
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TABLE 3. INITIAL COMPOSITION OF EAF OUST SAMPLES 
as 
Finkl &Sons 
Metal as Oxide 
Inland Steel 
%by Weight 
as Metal as Oxide as Metal 
ASF 
as Oxide 
Iron 39.40 56.29 40.40 57.71 35.20 50.29 
Chromium 1.62 2.37 0.22 0.32 0.29 0.42 
Zinc 4.30 5.35 7.88 9.81 17.32 21.56 
17.35 21.60 
Lead 0.60 0.65 0.90 0.97 0.50 0.54 
Cadmium 0.02 0.02 0.02 0.02 0.03 0.03 
An additional sample of dust from cupola was obtained from Griffin Pipe 
Products Co. (GPPC). Gray iron foundries use cupolas, and produce baghouse 
dust containing toxic heavy metals. The major difference between the arc 
furnaces and cupolas is the fuel used to supply the energy for melting. 
Cupolas use coke as the major source of fuel, and thus produce a large 
quantity of dust due to the fly ash present in the coke. The flyash is 
collected in a baghouse along with the volatile metals. The iron content of 
the cupola dust tends to be low due to dilution with fly ash. Cupolas also 
tend to use lower quality scrap. The furnace charge in combination with the 
large amount of air injected for combustion volatilizes all the low-boiling 
metals contributing to large concentrations of zinc and lead in the dust. 
Analysis of the dust obtained from GPPC is given in Table 4. Iron 
content of the cupola dust is lower than EAF dusts due to the dilution by fly 
ash. Zinc contents of the dust was relatively high. This is probably due to 
the use of high-zinc scrap as feed to the cupola. 
TABLE 4. INITIAL COMPOSITION OF CUPOLA OUST 
Metal %By Weight 
Iron 9.80 
Chromium 0.05 
Zinc 17.00 
Lead 2.70 
Cadmium 0.0895 
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3.2 DESCRIPTION OF RECYCLING EXPERIMENTS 
3.2.1 Experiment No.1 
The first recycling experiment was conducted using EAF dust from Inland 
Steel Company. The dust sample was initially used as obtained. However, fine 
particles present in the dust were being carried by the hydrogen gas during 
the experiment. The particles plugged the steel wool filter placed inside the 
1/2-in. tUbe leaving the oxidizer. The dust was screened to remove the fine 
particles using a 20-mesh sieve, and 1,237 g of the coarse material was reused 
in the experiment. The fine particles were stored along with the original 
dust. A 50-mesh stainless steel screen was placed on top of the oxidizer to 
capture the zinc oxide particles. 
The dust was heated to 1100°C, and hydrogen gas was introduced into the 
reducing chamber to reduce the oxides to elemental form. Water was preheated 
to produce steam, and was injected into the oxidizer to reoxidize elemental 
zinc vapors to obtain solid zinc oxide. The total experiment was carried out 
for 95 minutes. The pressure drop through the system for flow of hydrogen 
increased with progress of the reaction, and finally reached the maximum 
system pressure of 20 psi at a flow rate of 1.7 l/m. The experiment was 
terminated by switching off the heaters. 
Zinc oxide particles formed a thick impermeable coating on the stainless 
steel screen that was placed at the outlet of the oxidizer. The transfer tube 
between the reducing chamber and the oxidizer was also observed to be plugged 
with zinc oxide. Most of the ferric oxide in the original dust was reduced to 
sponge iron. Samples of the sponge iron and zinc oxide products were sent to 
Commercial Testing and Engineering Co. (CTE) for determination of the 
concentration of metals. Results of the analyses showed that zinc 
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concentration in the sponge iron was reduced to about 2.1% by weight from an 
initial value of about 7.9% by weight. 
3.2.2 Experiment No.2 
The EAF dust sample obtained from ASF was used in the second 
experiment. The dust was supplied to IITRI in fine powder form. It was 
formed into 1/4 to 1/2 in. pellets by hand with the addition of about 15% 
water by weight to the powder. The pellets were charged to the reducing 
chamber of the recycling system. Hydrogen gas was introduced into the reduc­
ing chamber after heating the system to about 1100 0 e. The pressure drop to 
flow of hydrogen increased steadily during the experiment, and the flow rate 
of hydrogen decreased. The experiment was terminated after 95 minutes. The 
screen and the transfer tube were observed to be plugged with zinc oxide. 
3.2.3 Experiment No.3 
Pelletized dust from ASF was used in the experiment. Dust recycling was 
conducted at 1100°C. The humidification system in the oxidizer was modified 
during this experiment. In the earlier experiments, steam was introduced into 
the oxidizer using an opening on its side at a height of approximately 1 in. 
above the product transfer tube carrying zinc vapors to the oxidizer. This 
caused incomplete oxidation of the zinc during these experiments. For this 
reason, steam was injected from the bottom cap of the oxidizer. Even though 
the modification reduced the pressure drop to a small extent, the experiment 
had to be terminated due to the development of a leak in the product transfer 
line. 
3.2.4 Experiment No.4 
The experimental assembly was considerably modified in this experiment.­
The product transfer tube was initially a heavy wall stainless steel tube with 
an internal diameter of about 0.5 in. This was replaced by a i-in. diameter 
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stainless steel pipe to reduce the pressure drop in the transfer tube. A 2­
in. thick layer of coarse sand was placed in the bottom of the reducing cham­
ber to position the dust pellets above the location of the transfer line. The 
steam line entering the oxidizer from the bottom was perforated to provide 
radial distribution of steam. Three conical stainless steel 50-mesh screens 
were placed below the top flange of the oxidizer to provide adequate surface 
area for collection of the produced zinc oxide particles. The top flange of 
the oxidizer was also insulated to keep the screens at a temperature of over 
100°C, and thus prevent condensation of liquid water that may plug the screen 
surface. 
Pellets prepared using the dust obtained from ASF were used in the 
experiment. Hydrogen gas was introduced after the dust was heated to a 
temperature of 1100°C. The experiment proceeded smoothly, and it was possible 
to provide a steady flow of hydrogen. The pressure drop in the experiment 
averaged about 4 psi, and reached a maximum value of 9 psi. The rate of 
hydrogen gas in the outlet stream became equal to the rate of injection of 
hydrogen after 2 hrs and the experiment was terminated. 
Examination of the screens inserted in the oxidizer showed accumulation 
of large quantities of zinc oxide, indicating that the additional screen area 
was beneficial. All the residue remaining in the reduction chamber was found 
to be magnetic sponge iron. Samples of the sponge iron and zinc oxide were 
sent to CTE for metal analysis. Zinc content of the sponge iron and zinc 
oxide were 2.3% and 56% by weight, respectively. An additional sample of the 
sponge iron was also sent to CTE for determination of the concentration of 
heavy metals in the leachate using the extraction procedure toxicity criteria 
(EPTC, EPA Method 1310). The concentration of heavy metals in the leachate 
was below the allowable limits. 
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The sand used in the reducing chamber was observed to form a hard mate­
rial that appeared to be a green color slag. A small sample of the green 
residue was analyzed and found to contain about 4% by weight iron and zinc 
each. The low concentration of metals and its appearance indicate that the 
sand formed a low-melting slag with some of the metal oxides. It was deter­
mined not to use a sand bed in future experiments. 
3.2.5 Experiment No.5 
Pelletized EAF dust obtained from ASF was used in this experiment. Since 
the previous recycling experiment (Expt. 4) worked well at 1100 0 e, this exper­
iment was conducted at a temperature of 1050°C. The pellets were placed above 
the product transfer line by using a stainless steel pipe covered with a 
screen as a spacer at the bottom of the reducing chamber. The experiment pro­
ceeded smoothly, and the sponge iron and zinc oxide products were obtained. 
The pressure drop started at an initial value of about 1 psi, and climbed dur­
ing the experiment to a maximum value of about 7.2 psi. The rate of injection 
of hydrogen was kept constant at 5.1 liters per minute throughout the exper­
iment. The duration of the experiment was increased from 120 min. in the 
previous experiment to 165 minutes to account for the lowering in reaction 
temperature and reduced flow rate of hydrogen gas. The rate of flow of 
hydrogen in the outlet gases steadily increased throughout the experiment. 
Figure 2 shows the inlet and outlet flow rates of hydrogen, and pressure 
bUild-up as a function of time during the experiment. Flow rate of hydrogen 
in the outlet gases increased steadily from an initial value of about 2.3 ~/m 
to a final value of 5.1 ~/m which is the same as the rate of injection of 
hydrogen. 
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Figure 2. Hydrogen flow Rate and Pressure Data for Expt. 5. 
Consumption of hydrogen during recycling is dependent on the rate of 
reaction of ferric oxides present in the dust with the gas. Hydrogen gas 
consumed in reduction of the zinc oxides is regenerated in the oxidizer, and 
thus the total concentration of the zinc oxide or its rate of reaction with 
hydrogen is not expected to have any effect on hydrogen consumption. The 
gradual rate of increase in the flow rate of hydrogen in the outlet gases 
shows that iron was reacting with hydrogen through a major portion of the 
experiment. Increase in the pressure indicates that zinc oxide was also form­
ing in the oxidizer during the same period. These results show that reduction 
of both oxides occurs simultaneously, and reaction times of the order of 2 hrs 
are necessary to complete the reaction. 
3.2.6 Experiment No.6 
The experiment was conducted using pelletized dust obtained from ASF at a 
temperature of 1000°C. The rate of flow of hydrogen at the inlet was held 
constant throughout the experiment, and the rate of hydrogen flow at the 
outlet increased steadily during the experiment. Figure 3 shows the rate of 
hydrogen injection, its rate of flow in the outlet gases, and pressure drop 
across the system as a function of time. The rate of flow of hydrogen in the 
outlet gases increased steadily as was the case in previous experiments. 
However, it took 150 min for flow rate of hydrogen in the outlet gases to 
equal the rate of injection of hydrogen. The time required to complete the 
reaction at 1000°C was about 3 hrs. which is about 1 hr. longer than at 1050°C 
even though the rate of injection of hydrogen was maintained constant. This 
is attributed to faster kinetics of reduction of the metal oxides at higher 
temperatures. Cumulative volumes of hydrogen injected and recovered in the ­
outlet gases are shown in Figure 4 as a function of time. The difference 
18
 
I 
.2 
.0 
Ii •• 
H :' 
d 
r 
Y 
•
0 
• • -
I P9 
e 
.6 r 
n 
.4 e 
s 
f 
. .2 5 1 
• 
.0 U 
r 
w 
0 e 
...-. .. 
o' 1 -
. 
\0 r 
0
t 
./ ...300a P 
52.ae i 
, 
2.6 .•.•/• 
..
•
1 
I 2.4 ." 
__ Inlet 
m 
2 2 =-.-. Outlet 
• 
.....•..... Pressure
.2.0 
••••
•• 
-. 
La 
••••• 1.6 
F M I , , J I ~1 • 4 
10:3]-20 11:06'40 11:40:00 12:13:20 12:46:40 13:20:00 
Time 
Figure 3. Inlet and Outlet Flow Rates of Hydrogen for Expt. 6. 
between the two lines indicates the total amount of hydrogen consumed in the 
experiment. Total amount of hydrogen consumed was 154 liters. 
The experiment proceeded smoothly, and all the residue remaining in the 
reducing chamber was found to be magnetic sponge iron. Zinc oxide was also 
recovered in the oxidizer. Samples of sponge iron and zinc oxide were sent to 
CTE for determination of the concentration of major metals. Zinc content of 
the sponge iron and zinc oxide was 0.2% and 56% by weight respectively. A 
sample of the sponge iron was also sent to CTE for determination of the 
concentration of heavy metals in the leachate using EPTC test procedures. The 
concentration of heavy metals in the leachate was below the EPA allowable 
limits. These results show that sponge iron is nontoxic. 
3.2.7 Experiment No.7 
Earlier experiments using dust from ASF showed excellent results in 
producing a low-zinc containing sponge iron in the temperature range of 1000° 
to 1100°C. Hence, this experiment was conducted using dust from ASF at a yet 
lower temperature of 950°C. Since the kinetics of reduction appear to be 
slower at lower temperatures, rate of injection of hydrogen was reduced to 
about 4 ~/m. A lower rate of injection of hydrogen will increase the gas 
residence time, and permit reaction over a longer duration without increasing 
the need for recirculation of large quantities of residual hydrogen. The 
rate of hydrogen in the outlet gases increased quickly to about 3.3 ~/m within 
half-hour after starting the reaction indicating that very little of the 
injected hydrogen was reacting with the metal oxides. The rate of injection 
of hydrogen was further reduced due to increased pressure drop in the 
system. It must be noted that the temperature in this experiment ;s very 
close to the boiling point of zinc (907°C). It is possible that condensation 
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Figure 4. Cumulative Hydrogen at Inlet and Outlet for Expt. 6. 
of zinc at some cold spots resulted in incomplete oxidation of the zinc in the 
product transfer line. This may be the cause for the noted high pressure drop 
in this experiment. 
The experiment was terminated after about 3 hrs. Only a small quantity 
(16 g) of zinc oxide was collected in the oxidizer indicating incomplete 
reaction. Samples of the sponge iron and zinc were sent to CTE for analysis 
of the major metals. It was noted that the zinc content of sponge iron was 
about 16% by weight. These results show that removal of zinc is relatively 
slow at 950°C, and higher temperatures are required to produce sponge iron 
that is low in zinc. 
3.2.8 Experiment No.8 
EAF dust obtained from A. Finkl &Sons Co. was used in this experiment. 
The dust was pelletized with water prior to its use in the experiment. The 
experiment was conducted at I0500e since good results were obtained at this 
temperature using the dust from ASF. Hydrogen flow rate was maintained at 3.6 
to 5.1 11m, and the reaction was terminated after 165 min. The experiment 
proceeded smoothly, and sponge iron and zinc oxide products were obtained. 
Samples of the products were sent to CTE for metal analysis. Zinc content of 
the sponge iron was reduced to 2.2% by weight from an initial value of 4.3% by 
weight in the original dust. Zinc oxide contained about 38% zinc by weight. 
3.2.9 Experiment No.9 
One experiment was conducted using cupola dust obtained from Griffin Pipe 
Products Co. (GPPC) to determine if the recycling technology can also process 
cupola dust. The GPPC dust was pelletized prior to its use similar to the 
earlier experiments. The recycling experiment was conducted at 1050°C. Rate 
of flow of hydrogen into the dust was started at about 5 ~/m, but was later 
reduced to about 3 ~/m after about 30 min since less than 10% of the injected 
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hydrogen was being consumed in the reaction. This is probably due to the low­
iron content of the dust. 
The recycling experiment proceeded smoothly. The experiment was termi­
nated after 2 hrs. The residue obtained was found to be nonmagnetic. Zinc 
oxide was collected in the oxidizer. Samples of both products were sent to 
eTE for metal analysis. The zinc content of the residue and zinc oxide were 
6.2% and 64% by weight~ respectively. The results show that dezincing was not 
completed in the allowed time of 2 hrs.~ and that additional reaction time was 
necessary. A sample of the nonmagnetic residue was also sent for EPTe testing 
since the residue has no commercial value and requires disposal. The leachate 
from the EPTe test was analyzed to contain about 9.5 ppm lead~ whereas the EPA 
allowable limit for lead is 5 ppm. It is possible that additional reaction 
time will remove additional quantities of lead, and thus the leachate will 
meet the criterion for lead. 
3.3. COMMENTS ON INITIAL RECYCLING EXPERIMENTS 
The major problem noted during the initial recycling experiments involved 
collection of the solid zinc oxide produced during the vapor phase oxida­
tion. Particle size of the zinc oxide particles is expected to be small. It 
is necessary to provide adequate surface area to capture the oxide particles 
in order to minimize the pressure drop. This will be accomplished through use 
of either a baghouse or electrostatic separator in commercial versions. In 
fact, such systems are currently used for collection of EAF dust during 
melting of scrap. However~ such equipment was not available for use in the 
recycling experiments reported here. The relatively small area of the screen 
(about 20 sq em) used for collection of the particles resulted in its plugging 
after collecting about 20 9 of the particles. 
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It is believed that the above problem is associated with the experimental 
recycling system, and is not an inherent limitation of the recycling method. 
Various methods were considered for modification of the experimental system to 
permit collection of a large quantity (50 to 100 g) of the zinc oxide 
particles. Two approaches that appeared to be promising were selected. These 
were use of a larger internal diameter pipe for the transfer line, and 
creation of a larger screen area by using a set of conical screens at the 
outlet of the oxidizer. The above modifications successfully reduced the 
pressure drop, and permitted completion of the experiments without exceeding 
the operating limits for the recycling system. 
3.4 TASK 6: ANALYSIS OF PRODUCTS AND DATA 
3.4.1 Recycling of Inland Steel Dust (Expt. 1) 
The recycling experiment conducted using the EAF dust from Inland Steel 
Co. produced sponge iron and zinc oxide products. The products and a sample 
of the original dust were analyzed to determine the concentration of iron, 
chromium, zinc, lead, and cadmium. Table 5 shows the results of the analyses. 
TABLE 5. ANALYSIS OF ORIGINAL DUST AND PRODUCTS
 
FROM RECYCLING EXPERIMENT NO. 1
 
(Source of Dust: Inland Steel Co.)
 
Composition, %By Weight 
Original Zinc 
Dust Residue Oxide 
Iron 40.40 53.00 1.66 
Chromium 0.22 0.28 0.44 
Zinc 7.88 2.12 52.00 
Lead 0.90 0.20 3.90 
Cadmium 0.0220 0.0120 0.0320 
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The iron content of the sponge iron was increased from 40% by weight in the 
original dust to 53% by weight. The increase in iron content is mainly due to 
the decrease in the total weight of pellets due to removal of oxygen and 
volatile metals. Zinc content of the sponge iron was 2.1% indicating a 
removal of 73% of the total zinc originally present in the dust. Seventy­
eight percent of the lead and 45% of the cadmium were also removed from the 
dust. The zinc oxide was analyzed to contain 52% by weight zinc with lead and 
iron as the major impurities. It must be noted that the data reported in 
Table 5 and subsequent tables is limited to concentration of 5 selected 
metals, and does not add to 100%. The remainder is oxygen and other 
impurities that are originally present in the dust. 
Removal of substantial portions of the total zinc, lead and cadmium from 
the sponge iron is expected to make its recycle possible. Presence of iron in 
the zinc oxide is due to carry-over of small quantities of the original dust 
into the oxidizer along with the product vapors. Lead and cadmium are expect­
ed to be removed along with zinc due to their high vapor pressure at the 
processing temperature. Concentration of lead in the zinc oxide was 3.9%, and 
that of cadmium was 320 ppm by weight. 
3.4.2 Recycling of ASF Dust (Expts. 4 to 7) 
EAF dust obtained from ASF was used in a majority of the recycling ex­
periments to determine the effect of operating variables such as temperature, 
rate of injection of hydrogen, and time of reaction on process performance. 
Samples of the sponge iron and zinc oxide obtained from the experiments were 
analyzed to determine the concentration of the selected metals. Table 6 shows 
the composition of the original dust, and products obtained from all the 
experiments. 
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TABLE 6. ANALYSIS OF ORIGINAL DUST AND PRODUCTS FROM RECYCLING EXPERIMENTS 
(Source of Dust: American Steel Foundries) 
OrIginal 
Dust 
Expf. No. 4 
(1100· C 
and 120 min.) 
Sponge Zinc 
Iron Oxide 
Composition, %By Weight 
6Expf. No. 5 Expf. No. 
(1050·C (1000°C 
and 165 min.) and 180 min.) 
Sponge Zinc Sponge Zinc 
Iron Oxide Iron Oxide 
Expf. No. 7 
(950·C 
and 190 min.) 
Sponge Zi nc 
Iron Oxide 
Iron 35.20 51.00 0.60 57.80 1.13 58.4 0.30 46.10 0.30 
Chromium 0.29 0.50 0.04 0.50 0.21 0.50 0.11 0.30 0.03 
Zinc 17.32 2.25 56.00 0.37 48.3 0.20 56.0 16.0 57.00 
Lead 0.50 0.27 2.90 0.15 l.05 0.22 2.50 1.80 3.18 
Cadmi urn 0.0350 0.0022 0.098 0.0020 0.15 0.0010 0.150 0.0030 0.240 
Reduction of metal oxides using hydrogen during the recycling process was 
observed to be satisfactory in the temperature range of 10000 to 11000 e 
(Expts. 4 to 6). Removal of zinc from the sponge iron improved with increase 
in total reaction time in the 1000 to li00 0 e temperature range. For example~ 
zinc content of the sponge iron from Expt. 4 was 2.3% by weight after a 
reaction time of 120 min. Rate of injection of hydrogen was reduced from 
about 7.5 ~/m in Expt. 4 to 5.1 ~/m in Expts. 5 and 6. The zinc content of 
the sponge iron was 0.4 and 0.2% by weight in Expts. 5 and 6, respectively~ 
even though they were conducted at lower temperatures with lower rates of 
hydrogen injection. The iron content of the sponge iron also increased from 
Expts 4 to 6. It must be noted that total amount of hydrogen consumed for 
recycling also increased from 132 liters in Expt. 4 to 161 and 154 liters in 
Expts. 5 and 6, respectively (see Table 1). Increase in hydrogen consumption 
indicates further reduction of oxides to metallic form. Expts. 5 and 6 were 
continued for about 30 min after the rate of flow of hydrogen in the outlet 
gases became equal to the rate of injection (see Figures 2 and 3). These 
results indicate that kinetics of reduction and dezincing of the dust pellets 
in the temperature range of 1000 0 to lIOOae are such that reaction times of 2 
to 3 hrs are required for completion. This is not anticipated to be a problem 
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for the commercial system since the original conceptual designs were based on 
about 4 hrs to complete the reaction. 
Expt. 7 was conducted at 950°C, and produced sponge iron containing 16% 
zinc by weight. Hydrogen consumption was also very low in this experiment. 
Removal of only 10% of the total zinc present in the dust after a reaction 
time of over 3 hrs. makes recycling at this temperature impractical. Based on 
these results, it was decided that recycling temperatures of 1000 0 to 1100°C 
should be used. 
Samples of sponge iron obtained from Expts. 4 and 6, and a sample of the 
original dust were sent to CTE for determination of the concentration of heavy 
metals in the leachate as per the EPTC testing procedure. Results of the EPTC 
tests are shown in Table 7 for the original dust, and the sample obtained from 
Expt. 4. Maximum allowable concentration of the heavy metals in the leachate 
as per EPA criteria are also given in the same table for comparison. 
TABLE 7. RESULTS OF EP-TOXICITY TESTS* 
(Source of Dust: American Steel Foundries 
Concentration, mgjl
Sponge Iron Product 
Original Expt. No. 4 Expt. No. 6 Maximum 
Metal Dust (1100°C) (lOOO°C) Allowable 
Arsenic <0.2 <0.2 <0.1 5.0 
Barium 1.21 14.5 21.0 100.0 
Cadmium 24.2 <0.01 <0.01 1.0 
Chromium <0.1 0.10 0.20 5.0 
Lead 87.5 0.08 0.05 5.0 
Mercury 0.0003 <0.0001 <0.2 0.2 
Selenium <0.2 <0.2 <0.1 1.0 
Silver <0.01 0.03 0.08 5.0 
*EPA Reference SW-846, Methods 1310, 6010, and 7470. 
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The concentration of cadmium and lead obtained from the leachate 
extracted using the original dust was considerably higher than the allowable 
limits. This is the reason for inclusion of the EAF dust in the landfill 
disposal regulations. However, the sponge iron produced from recycling Expt. 
4 showed the concentration of both lead and cadmium to be about 2 orders of 
magnitude below the allowable limits. The concentrations of lead and cadmium 
in the leachate of the treated product was reduced by a factor of 1100 and 
2400~ respectively, in comparison to the original dust. This will permit 
delisting of the sponge iron, and offer an additional option for its disposal 
in unsecured landfills for those steel mills that elect not to recycle. 
The rate of consumption of hydrogen was 20% to 50% of the rate of 
injection during a major portion of the recycling process in the temperature 
range of 1000° to 1100 0 e. At the operating conditions, the flow rate of 
hydrogen provided a residence time of 1 to 2 sec within the dust pellets. The 
residence time and hydrogen consumption data obtained from these experiments 
can be used for design of the prototype system. 
3.4.3 Recycling of Fink' Dust (Expt. 8) 
Products obtained from the recycling experiment conducted using the EAF 
dust received from A. Finkl &Sons Co., and a sample of the original dust were 
analyzed to determine the concentration of heavy metals. The results of the 
analyses are given in Table 8. Sponge iron containing about 2% zinc, and 48% 
iron by weight was produced. The concentration of zinc in the zinc oxide 
product was about 38% by weight, which is lower than the products obtained 
from Inland Steel and ASF dusts. This is probably due to the low concentra­
tion of zinc in the original dust. 
28
 
TABLE 8. ANALYSIS Of ORIGINAL OUST AND PRODUCTS fROM
 
RECYCLING EXPERIMENT NO. 8
 
(Source of Oust: A. finkl &Sons)
 
Composition, %By Weight 
Original Sponge Zinc 
Dust Iron Oxide 
Iron 39.40 47.50 0.92 
Chromium 1.62 1.80 0.14 
Zinc 4.30 2.20 38.20 
Lead 0.60 0.25 4.25 
Cadmium 0.0260 0.0008 0.500 
3.4.4 Recycling of Cupola Oust 
Baghouse dusts obtained from melting of gray iron in cupolas are consid­
erably different from EAF dust obtained from steel mills. Cupola dusts are 
considered to be a hazardous waste due to the high concentration of lead and 
cadmium in the leachates obtained from such dusts. 
A sample of cupola dust obtained from GPPC was pelletized and used in one 
recycling experiment. Samples of the original dust, residue and zinc oxide 
were analyzed to determine the concentration of metals. Results of the analy­
ses are given in Table 9. The iron content of the cupola dust was about 10% 
TABLE 9. ANALYSIS OF ORIGINAL OUST AND PRODUCTS
 
FROM RECYCLING EXPERIMENT NO. 9
 
(Source of Dust: Griffin Pipe Products Co.)
 
Composition, %By Weight 
Original Zinc 
Dust Residue Oxide 
Iron 9.80 13.20 0.57 
Chromium 0.05 0.10 0.07 
Zinc 17.00 6.24 64.00 
Lead 2.70 1.82 1.20 
Cadmium 0.0895 0.0008 0.320 
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by weight, whereas the various EAF dust samples contained about 40% iron. The 
zinc and lead content of the cupola dust was high. The residue obtained 
showed a zinc concentration of 6.2%, and a lead concentration of 1.8% by 
weight indicating that the reaction was not completed within the 150 min 
allowed. Removal of zinc and lead from the original dust were 63% and 33%, 
respectively. An additional reaction time of 60 to 90 min may be required for 
completion. It is possible that the fly ash present in the cupola dust 
reduced the rate of reaction of the metal oxides with hydrogen. One possible 
explanation for the lower rate of reaction may be the reduced permeability of 
pellets. The zinc oxide obtained from cupola dust contained 64% zinc by 
weight with lead and iron as the major impurities. 
The low-iron content of the residue obtained from processing the cupola 
dust makes its recycle impractical. It will require disposal. A sample of 
the residue was tested to determine the concentration of heavy metals in the 
leachate, and the results are given in Table 10. 
TABLE 10. RESULTS OF EP-TOXICITY 1ES1S* 
(Source of Dust: Griffin Pipe Products Co.) 
Concentration, m /1
Metal Residue (Expt. No.1 Maximum Allowable 
Arsenic 
Barium 
Cadmium 
Chromium 
Lead 
Mercury 
Selenium 
Silver 
<0.2 
0.45 
0.03 
<0.01 
9.45 
<0.0001 
<0.2 
<0.01 
5.0 
100.0 
1.0 
5.0 
5.0 
0.2 
1.0 
5.0 
*EPA Reference SW-846, Methods 1310, 6010, and 7470. 
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Maximum allowable concentrations of the heavy metals in the leachate for 
delisting are also given in the same table for comparison. The residue meets 
EPTC for all the metals except lead. Concentration of lead in the leachate 
was about 9.5 ppm, whereas the maximum allowable lead concentration is 5 
ppm. It must be noted that reduction of the oxides present in the cupola dust 
was not completed within the time allowed, and the residue contained about 
1.8% lead by weight. Based on the EPTC results obtained using the sponge iron 
from ASF dust, it is believed that additional removal of lead is feasible from 
the cupola dust by allowing an additional reaction time of 60 to 90 min. This 
may further reduce the lead concentration in the leachate, and permit its 
delisting. 
3.4.5 Quality of Products 
Products from recycling EAF dust are sponge iron and zinc oxide. 
Technical feasibility and economic viability of the technology depend to a 
large extent on the quality of the products, and their value for recycle. 
Sponge iron produced from recycling experiments was relatively low in 
volatile metals content. For example, zinc content of the sponge iron 
produced from ASF dust in the temperature range of 1000° to l100°C ranged 
between 0.2% and 2.3% by weight. The lead content was 0.15% to 0.3%, and 
cadmium content was 0.001% to 0.002% by weight. Sponge iron containing such 
low levels of volatile metals can be recycled to the arc furnace. 
Zinc oxide produced from recycling EAF dust can be used for recovery of 
zinc and lead. The value of zinc oxide depends on the concentration of major 
impurities--lead and halides. The composition of zinc oxides produced from 
ASF dust in the temperature range of 1000° to 1100 0 e is shown in Table 11, and 
is compared with zinc oxide produced from St. Joe flame reactor Pusateri, 
1986). 
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TABLE 11. COMPOSITION OF ZINC OXIDE FROM RECYCLING 
Composition, %By Weight 
Current 
Study St. Joe 
Iron 0.3-1.1 5-7 
Chromium 0.04-0.2 0.05-0.15 
Zinc 48-56 37-42 
Lead 1-3 5-6 
Cadmium 0.1-0.15 0.3-0.5 
Chlorine 6-8 
Fluorine 4-6 
The lead content of the zinc oxide obtained during the current study was 
lower than that reported in the St. Joe study. The concentration of lead and 
halides in the produced zinc oxide probably depend on the original dust 
composition rather than the technology used for recycling, as all technologies 
remove most of such low-boiling materials from the dust. It is necessary to 
further purify the zinc oxide to reduce the lead and halide content prior to 
recovering zinc. St. Joe has developed a proprietary hydrometallurgical 
process for this purpose. 
3.5 ANALYSIS OF QUALITY CONTROL SAMPLES 
IITRI prepared 2 quality control samples to determine the accuracy of the 
metal analyses conducted by CTE. It must be noted that the quality control 
samples prepared by IITRI are in addition to the internal QA/QC procedures 
adopted by CTE. The first quality control sample was prepared by spiking a 
representative sample of the dust obtained from Inland Steel Co. with analyt­
ical grade zinc oxide. This sample was submitted to CTE along with the ini­
tial test samples. The second quality control sample was prepared by spiking 
a representative sample of the dust obtained from ASF with analytical grade 
ferric oxide and lead oxide, and this sample was submitted after about half of 
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the total samples were analyzed. The results of the analyses of the quality 
control samples are given in Table 12. 
TABLE 12. ANALYSIS OF QUALITY CONTROL SAMPLES 
Composition, %By Weight 
Sample 1* Sample 2** 
Calculated Analyzed Calculated Analyzed 
Average 
Discrepancy, 
% 
Iron 
Chromium 
Lead 
Zinc 
Cadmium 
38.47 
0.21 
0.86 
11.7 
0.020 
36.64 
0.20 
1.25 
12.80 
0.020 
35.8 
0.21 
12.3 
12.5 
0.023 
35.5 
0.25 
14.2 
12.0 
0.037 
1.4 
5.5 
12.9 
3.2 
11.6 
*Prepared by spiking Inland Steel dust with zinc oxide. 
**Prepared by spiking ASF dust with ferric oxide and lead oxide. 
The anticipated concentrations of heavy metals in each of the 2 samples 
were calculated based on the concentrations of metals in the unspiked samples, 
and the weight of the added oxides. The discrepancies noted in Table 9 for 
concentration of the metals includes both sampling and analytical errors. 
The calculated and determined concentration of the metals in both samples 
were in excellent agreement with each other for iron and zinc, the two major 
components of the EAF dust. The discrepancies between the calculated and 
determined values were larger for the metals with concentrations that were 1% 
by weight or below in the samples. In general, the analyzed values were 
within 10% of the calculated values. 
3.6 CONCLUSIONS 
•	 Use of EAF dust in powder form presents difficulties 
during recycling. The first problem in using powder is 
due to carry-over of the dust along with the product 
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vapors. This caused plugging of the screens used in the 
oxidizer, and resulted in high pressure drops. The second 
problem with powder was its low bulk density. The volume 
of the furnace required to process dust will be large due 
to	 its low density. Pelletization of the dust overcame 
both of these problems. Addition of water to the dust 
produced good pellets, and did not require any additional 
binders. 
•	 Removal of zinc, cadmium and lead from the dust samples 
depended on many variables, including time. Small-scale 
experiments conducted earlier under IITRI-sponsored 
programs showed that kinetics were rapid, and hydrogen 
consumption was determined only by thermodynamics. It was 
possible to complete the reduction of oxides in about 20 
minutes. However, the earlier experiments were conducted 
using powder. The dust was pelletized in the experiments 
discussed in this section. Reaction times of 2 to 3 hrs. 
are necessary with pellets. A commercial system can be 
designed to accommodate the required reaction times. 
•	 It was necessary to heat the pellets to a temperature of 
1000 0 e or more to satisfactorily remove zinc, lead, and 
cadmium. The experiment conducted at 950°C did not 
provide adequate metal removal. All the experiments 
0conducted in the range of 1000 0 to l100 e produced sponge 
iron with low residual concentrations of zinc, lead, and 
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cadmium. The sponge iron can be recycled to the furnace 
without increasing the load of the volatile metals in the 
furnace charge. 
• It was possible to convert the total residue to sponge 
iron in the temperature range of 1000° to 1100°C. This 
eliminates production of any waste material that requires 
disposal. 
• It is possible to treat baghouse dusts obtained from both 
electric arc furnaces and cupolas using this technology. 
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4. PROTOTYPE DESIGN 
A preliminary design was developed for processing about 2.5 tons per 
batch of EAF dust based on the results of the laboratory experiments. The 
prototype design study was conducted jointly by IITRI and Mr. Steve Mitrick of 
ASF. Details of the design are discussed in this section. 
4.1 DESIGN BASIS 
The basis used for design calculations is shown in Table 13. A tempera­
ture of 1100 D C was chosen for recycling, and this was the highest temperature 
studied during the laboratory experiments. It must be noted that laboratory 
recycling experiments were successful in the temperature range of 1000 D to 
1100°C. The higher temperature was chosen for the design study to permit 
development of equipment specifications under severe conditions. The design 
study was based on the composition of the dust sample obtained from ASF. It 
was also assumed that the dust will be pelletized using water to obtain a bulk 
density of about 100 lbs per cu ft. 
TABLE 13. DESIGN BASIS 
System Capacity 
Batch Duration 
Temperature 
Reductant 
Pellet Density 
Dust Composition 
Shifts Per Day 
Working Days Per Year 
2.5 tons per batch 
(600 tons per year) 
6 to 8 hrs 
1100°C 
Pure hydrogen 
100 lbs per cu ft 
35.2% Iron 
17.3% Zinc 
0.5% Lead 
1 
240 
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4.2 HYDROGEN UTILIZATION AND RECYCLING 
The EAF dust recycling system is based on using hydrogen to reduce the 
oxides of iron and zinc to elemental form. The reaction between iron oxide 
and hydrogen to form iron and water goes to completion in the temperature 
range of 1000 0 to 1100°C. However, the following reaction between zinc oxide 
and hydrogen does not go to completion in the above temperature range. 
The standard free energy of the reaction can be used to calculate the equi­
librium constant which, in turn, can be used to calculate the extent to which 
the above reaction will proceed in the forward direction. Table 14 shows the 
results of such calculations as a function of temperature. 
TABLE 14. FREE ENERGIES OF REACTION AND RATE CONSTANTS 
Temperature, DC AG,Caljmol PZnPH 2OjpH 2 
900 
1000 
1060 
1100 
1200 
10,545 
7,032 
4,940 
3,554 
111 
0.0108 
0.0620 
0.155 
0.272 
1.03 
A lower value for the partial pressure ratio indicates lower utilization 
of hydrogen. It must be noted that residual hydrogen and regenerated (during 
the oxidation reaction) hydrogen is recycled to the system. Thus, utilization 
of hydrogen in a single pass has no effect on the total hydrogen 
consumption. However, the flow rate of hydrogen in the recycle stream is 
larger at low hydrogen utilizations. 
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The data given in Table 14 can be used to calculate the composition of 
product vapors and hydrogen utilization under equilibrium conditions. Hydro­
gen utilization is 47% at 1100°C and decreases to 22% at 1000°C. Utilization 
of hydrogen under actual conditions depends on a number of additional factors 
such as competing reaction with iron oxide, and kinetics of reaction with 
pelletized dust. Laboratory experiments in which all the above factors were 
present, provided about 40% hydrogen utilization in the temperature range of 
1000° to 1100°C. The residence time in these experiments was between 1 and 
1.6 seconds. 
The furnace designed for the prototype system provides a residence time 
of about 3 seconds for hydrogen gas in the pellets. Based on the increased 
residence time in the prototype system and laboratory data, it was assumed 
that 40% hydrogen utilization will be achieved for design calculations. 
4.3 CALCULATION OF FLOW RATES 
A conceptual process flow diagram was developed for the prototype system 
in order to calculate the flow rates at each unit operation, and to specify 
the equipment on a preliminary basis. Using the design basis described above, 
flow rates of the various streams are calculated under actual temperature 
conditions. Figure 5 shows the process flow diagram and the flow rate of each 
component entering and leaving each major piece of equipment. 
4.4 ENERGY CONSUMPTION 
A major portion of the total energy required for the recycling process is 
consumed in preheating the dust pellets from room temperature to the required 
temperature of 1100°C, and to mai~tain the temperature during the reaction. 
The energy required to preheat the pellets and to evaporate the moisture 
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Figure 5. Process Flow Diagram for EAF Oust Prototype System
(flow rates are for 2.5 tons per batch). 
(assumed to be 15% by weight) is about 3.25 million Btu. Based on the assumed 
hydrogen utilization, total energy required to supply the specific heat for 
heating hydrogen to 1100a e is calculated to be 2.1 million Btu (0.55 million 
Btu/hr). A preliminary gas-fired furnace design was developed by Armil C.F.S. 
of South Holland, IL for this purpose. Assuming 50% energy efficiency, the 
total energy required for the furnace is calculated to be about 11 million 
Btu. 
Additional energy will be required for the motors required to power the 
blower, pumps, etc. It is estimated that the power requirements will be about 
25 kW, or 150 kWhrs for 6-hr batch. 
4.5 HYDROGEN CONSUMPTION 
Based on the composition of ASF dust, the hydrogen consumption is calcu­
lated to be 16,900 scf per batch. Hydrogen consumption is directly propor­
tional to iron oxide content of the dust. Hydrogen consumption values 
mentioned here are based on complete reduction of the iron oxides to sponge 
iron. It may not be necessary to reduce the iron oxides completely if the 
steel mills wish not to recycle the sponge iron. Laboratory experiments 
showed excellent zinc and lead removal at hydrogen consumptions as low as 50% 
of the theoretical value required to reduce all the metallic oxides present in 
the dust. However, the design calculations assumed full reduction of the 
oxides. 
4.6 HAZARD EVALUATION 
A preliminary hazards evaluation was performed for the EAF dust recycle­
prototype system. The following system parameter values were used in the 
analysis. 
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Furnace Volume (cu-ft) 100 
Operating Temperature (DC) 1100 
Operating Pressure (psi g) 0.5 
Total Hydrogen Flow Rate (SCFM) 225 
Hydrogen Make-Up Flow Rate (SCFM) 45 
The objective of this preliminary hazards evaluation is to identify 
potential explosion hazards and to estimate their corresponding upper bound 
(i.e., credible worst case) consequences. This approach provides the oppor­
tunity to implement system design features which will reduce, control, or 
mitigate these potential hazards. The hazard evaluation was limited to hydro­
gen explosion events. This was the only identified hazard. 
Specifically, five (5) scenario/conditions were treated. These included 
an assumed explosion in the furnace after shut-down occurs and four (4) cases 
of a potential explosion of a steady state hydrogen/air jet outside of the 
furnace which is the result of a localized leak. 
4.6.1 Protocol for Operation of the Recycling System 
It was necessary to postulate an operational protocol in order to identi­
fy possible hazards during the system operation. The protocol consisted of 
the following steps. 
•	 Charge the furnace with EAF dust pellets. 
•	 Heat the pellets close to the desired temperature of 
1100°C without any protective atmosphere. 
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•	 Purge the system with nitrogen gas at a flow rate of 100 
scfm after the pellets are heated to a temperature of over 
gOODe to replace the air present in the system with 
nitrogen. The nitrogen gas will be allowed to flow 
through the entire system prior to its venting. It will 
probably be necessary to flow about 500 to 1000 scf of 
nitrogen. This will provide 5 to 10 volume changes at 
actual temperature conditions. 
•	 Inject hydrogen after completion of purging with nitrogen 
at a flow rate of 180 scfm. Vent the gases after they 
pass through the entire system for 3 to 5 min. This will 
permit removal of most of the nitrogen from the system. 
•	 Start recycling the hydrogen after initial venting for 3 
to 5 min as mentioned above. 
•	 After the reaction is completed, purge the system with 
nitrogen at the reaction temperature to replace most of 
the hydrogen, and vent the products. Nitrogen purging can 
be done at 100 scfm for about 10 min. 
•	 Sponge iron and zinc oxide can be discharged after purging 
is completed or after the system is allowed to cool to a 
temperature of 500 to 600°C. 
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4.6.2 Furnace Explosion 
The first scenario is based upon the following assumptions. The furnace 
is not purged with nitrogen after completion of the reaction. The furnace is 
allowed to cool to ambient temperature after completion of the reaction. 
Condensation of the water vapor will result in the development of a vacuum of 
about 0.3 psig inside the furnace. Under such conditions~ air can leak into 
the furnace and produce a detonable mixture of air and hydrogen. A worst case 
stoichiometric condition (29.6% hydrogen by volume) is assumed to be present 
and a detonation is assumed to occur. The quantity of hydrogen present in the 
furnace under these conditions (standard atmospheric pressure) is 0.154 lb. 
At a trinitrotoluene (TNT) equivalency ratio of 6.2 lb TNT/lb H2 the resultant 
explosion is equivalent to approximately 0.95 lb of TNT. A safe separation 
distance (corresponding to a one psi air blast overpressure) from such an 
explosion will be approximately 40 ft~ neglecting the intensifying influence 
of nearby walls or massive reflecting surfaces. 
The detonation of The hydrogen/air mixture within the furnace will result 
in a peak (detonation) pressure of about 300 psia~ and correspondingly~ an 
average pressure in the furnace of about 135 psig. It is assumed that this 
dynamically applied internal pressure will be sufficient to rupture the fur­
nace and~ therefore, a far field fragment environment will also be created. 
The nature of the hazard resulting from such a collateral effect will depend 
upon a number of parameter values which are currently unspecified, (e.g.~ the 
average mass per unit area of the furnace shell or containment vessel). Using 
some nominal values for the furnace, it appears that initial fragment veloci­
ties of about 250 fps are possible. These fragments could travel to distances 
as large as, say, 750 ft from the explosion source. 
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This potential hazard can be eliminated by increasing the operating 
pressure such that the vacuum condition does not exist after cool-down, or by 
purging the system with an inert gas (e.g., nitrogen) during cool-down to 
remove hydrogen from the system or to maintain a positive system pressure. 
4.6.3 Outside Jet Explosion 
It has been assumed t for the second scenario, that a hydrogen leak from 
the furnace occurs under an essentially steady state condition, that is, large 
leaks which rapidly decompress the system are excluded. Four conditions are 
treated for this scenario; two relating to the temperature of the system 
(i.e., source temperature) and two relating to the hydrogen supply mass flow 
rate which will be in operation. The hydrogen mass flow rates used in this 
scenario are those shown above, namely 0.020 lb/sec if the operating stream 
mass flow rate is maintained, and 0.004 lb/sec if the mass flow rate is 
limited by the hydrogen make-up system. The system temperature (and operating 
pressure) control the density of the hydrogen at the leak site. The leak flow 
velocity is controlled, in part, by the operating pressure differential. 
Thus, for each of the four steady state conditions treated, a specific worst 
case leak area is calculated. Under such conditions, pure hydrogen leaks into 
the region surrounding the leak and forms a rather high velocity jet which 
entrains air as it extends from the leak site. The concentration of the 
hydrogen/air mixture varies from 100% at the leak site to very low (and 
therefore safe) values at more remote locations. The quantity of hydrogen in 
the jet which lies between the rather broad flammable limits for this mixture 
was evaluated and is used as the quantity of material which can participate in 
an explosion given an adequate ignition source. It has been assumed that such 
a source does exist and, therefore, that an explosion will occur. The results 
of these evaluations are presented in Table 15. 
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TABLE 15. OUTSIDE JET EXPLOSION RESULTS 
Mass Flow Diameter of TNT 
Case Rate Leak Site Equivalency 
No. Temp.~ °C (lb/sec) (in.) (lb) 
1 1100 0.020 1.20 0.37 
2 1100 0.004 0.59 0.04 
3 20 0.020 0.84 1.37 
4 20 0.004 0.35 0.10 
Case No. 3 is the most severe of all the scenarios considered. A safe 
separation distance for this case is approximately 45 ft. The corresponding 
safe distance for the other three cases are 29 ft~ 19 ft, and 14 ft, for Case 
Nos. 1~ 4, and 2, respectively. 
The probability that the hydrogen/air mixture in the standing jet will 
detonate is quite small. Rather, it is much more likely that a fire will 
occur. Additionally, the size of the leak site must comply with the values 
shown above (for each case) in order that an essentially steady state external 
jet will be formed. If the leak area is smaller, a correspondingly smaller 
jet will be generated with correspondingly less serious consequences. If the 
leak area is larger, a transient hydrogen/air mixture exist briefly and the 
corresponding probability that this mixture will detonate should be 
substantially less than that for the longer existing steady state jet. This 
potential hazard may be controlled by limiting the hydrogen make-up rate. 
4.6.4. Concluding Remarks 
The autoignition temperature of a flammable hydrogen/air mixture is 586°C 
(1087°F). Under normal operating conditions (1100°C), the temperature of the 
hydrogen air mixture is above the autoignition temperature. Under such 
conditions, the flammable mixture (if it forms) will autoignite and a flame 
will exist locally, that is, external of the system if an outward hydrogen 
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leak occurs, or, internal in the system if air leaks in. The latter is 
unlikely since the system will be pressurized. 
Since the start-up and shut-down procedures will be executed at the 
elevated operating temperature, the venting of the nitrogen/hydrogen mixture 
during start-up or of the hydrogen/nitrogen mixture during shut-down, will 
result in the establishment of a flammable hydrogen/air mixture for some short 
period of time (at the venting point) and a temporary standing flame will 
result. The quantity of the combustible hydrogen/air mixture which is in the 
external jet will not be sensitive to the internal pressure of the system 
(nominally operating at about 0.5 psig). However, it will be related to the 
size of the vent as is indicated in Table 15. Thus, a small vent orifice may 
be advisable and certainly should be considered in the detail design of the 
system. 
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5. ECONOMIC ANALYSIS 
A preliminary economic analysis was conducted to determine the capital 
and operating costs for the EAF dust recycling system. Both capital and 
operating costs are a strong function of the capacity of the system~ and the 
costs are generally lower on a per ton basis at larger capacities due to 
economy of scale. The capacity of the recycling system can vary significantly 
depending on whether it is designed for processing the dust generated at a 
single mill or as a regional facility to treat dust from various sources. 
Small steel mills and foundries (producing 100~000 tons/year of steel or less) 
generate about 500 tons per year of EAF dust, and integrated steel mills 
generate up to 10,000 tons per year. Regional recycling systems are expected 
to process about 50,000 tons per year of EAF dust. Based on such wide 
variations, it is difficult to select a typical capacity to conduct an 
economic analysis. IITRI selected a capacity of 600 tons per year (2.5 tons 
per day) based on the dust generation rate at ASF foundries. 
The cost of various major equipment required for the prototype system is 
given in Table 16. Vendor quotations were obtained to determine the cost of 
unique equipment such as furnace, baghouse, and blower. An average value of 
the quotations was used in those instances where more than one bid was 
obtained. Cost of commonly used equipment such as storage bins and heat 
exchanger was estimated. The cost of pelletizer was found to vary signifi­
cantly depending on the type of dust. High lime (>10% by weight) containing­
dusts are reported to require a turbulator prior to a disc pelletizer to 
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TABLE 16. CAPITAL EQUIPMENT FOR EAF DUST
 
PROTOTYPE RECYCLING SYSTEM
 
Equipment Cost~ $ 
Furnace••••.•••••••••••••.••••.•••.• 98,500 
Baghouse .••••••••••••••••••.•.•.•.•• 25,000 
Heat Exchanger •••••.••••.•.••••••••• 15,000 
Demister •••••••••••••••••••••••••••• 15,000 
Blower •••••••••••••••••••••••••••••• 12,000 
Pelletizer •••••••••••••••••••••••.•• 30,000 
Storage Bins •••••••••••••••••••••••• l0,000 
Instrumentation and Controls •.•••••• l0,OOO 
Total Equipment Cost 215,500 
provide adequate time for hydration of lime (Holley, 1985). The dust sample 
from ASF was reported to contain about 5% lime by weight. Dusts containing 
such low lime content can be pelletized by simple addition of water, and the 
cost of such equipment is estimated to be $30,000. Cost of a pilot unit 
inclUding the turbulator suitable for high-lime dusts was quoted to be $86,400 
by Ferro-Tech of Wandotte, MI. The unit can process about 1 ton per hr, which 
is more than adequate for the prototype system. 
The total cost of the recycling system is shown in Table 17~ and is esti­
mated to be $364,000. The cost includes laying concrete pads for the 
equipment. However, it does not include the cost of land, building 
modifications, or infrastructure. These items are not required if the recy­
cling system is set up at an existing steel mill. The cost data shown in 
Table 17 includes a 30% contingency to take into account the uncertainties 
associated with preliminary cost evaluations. 
50
 
TABLE 17. COST OF EAF DUST PROTOTYPE
 
RECYCLING SYSTEM
 
$
 
Capital Equipment ••••••••••••••••••••••••••••••• 215,500 
Electrical Hook-up, etc ••••••.••••••••••••••••••• 10,OOO 
Piping and Instrumentation Hook-up ••••.•••••••.•• 15,OOO 
Concrete Pad for Hydrogen Tank ••.•••••.•••••••••• l0,000 
Concrete Pad for Recycling System•••••••••••••••• 15,000 
Overall System Integration ••••••••••••••••••••••• 15,OOO 
Total Cost of Prototype System•••••••••••••••••• 280,500 
Contingency (30%) •••••••••••••••••• 84,150 
Total Cost 364,650 
The operating costs are divided into consumables and other costs such as 
salaries and depreciation. The cost of consumables is shown in Table 18. 
Cost of hydrogen is the single most expensive consumable item. Cost of 
hydrogen was based on purchasing liquified hydrogen from vendors such as Union 
Carbide. This is probably the most convenient source for small capacity 
recycling systems. It may be possible to generate hydrogen on-site 
economically through decomposition of ammonia or through natural gas reforming 
for larger capacities. The total cost of consumables was estimated to be $169 
per batch (2.5 tons). 
TABLE 18. COST OF CONSUMABLES FOR EAF OUST RECYCLE 
$
 
Hydrogen gas (16,900 scf) ••••••••••••••••••••••••• 110 
Natural gas (11 million Btu) •••••••••••••.••••••••• 33 
Electrical energy (150 kWhrs) •••••••••••••••••••••• 12 
Nitrogen (3000 scf) .•••••••••••••••••••••••••••••••• 9 
Miscellaneous ••••••••••••••••••••••••••••••••••••••• 5 
Total Cost of Consumables 169 
51
 
The annual operating costs for the recycle system are shown in Table 
19. These include the cost of consumables, labor, depreciation, overhead, 
etc. Total annual costs are estimated to be $156,400 based on operating the 
recycling system 1 shift/day, and 240 working days/year. 
TABLE 19. ANNUAL OPERATING COSTS FOR EAF DUST RECYCLE* 
$
 
Consumables ($169/batch) ••••••••••••••••••••••• 40,600 
Salary (1 person) ••••••••.••••••••••••.•••••••• 35,OOO 
Depreciation (15%/year) ••••••..•••••••••••.•••• 54,700 
Operating Costs ••••.•••••••••••••••••••••••••• 130,300 
Overhead, Royalties, & Fee (20%) ••••••••••••••. 26,100 
Total Annual Costs 
*Based on 240 shifts per year 
A preliminary economic analysis for the recycle system is presented in 
Table 20. The cost of processing EAF dust is estimated to be $156,400 per 
year or $261 per ton. 
TABLE 20. ECONOMIC ANALYSIS FOR EAF DUST RECYCLING SYSTEM 
$
 
Annual Operative Costs •••••••••••••••.•••••••.•••• 156,400 
Credits Zinc Oxide (20¢/lb. of Zn. and 
200,000 lbs/year) •••••••••••••••.••••••••• 40,000 
Sponge Iron (5¢/lb. of Fe. and 
420,000 lbs./year) •••••••••••••••••••••••• 21,000 
Net Annual Costs •••••••••••••••••••••••••••••••••••95,400 
Net Cost Per Ton (1 shift/day) ••••••••••••••.••••••••• 159 
Net Cost Per Ton (3 shifts/day) ••.••••.•.••••••..••••••98 
The net cost of processing depends on the credits from sale of the zinc 
oxide and recycling sponge iron. IITRI tried to estimate the value of zinc ­
oxide based on published information and through telephone contacts. Horse­
head Resource Development Co. (HRDC) operates a large recycling facility 
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located at Palmerton, PA. The zinc oxide produced from their plant is sold to 
their sister company, linc Corporation of America (lCA). The crude zinc oxide 
is reportedly refined in Monoca, PA, to remove the halides and lead, and 
shipped to Bartlesville for production of pure zinc. HROC reported that they 
sell the crude zinc oxide to ZCA for an approximate value of 40% of the zinc 
value. At the current value of 80-95¢/lb of zinc, the value of zinc oxide is 
estimated to be 32-38¢/lb of zinc. IITRI was not able to obtain a commitment 
from ZCA for purchase of the zinc oxide even though the composition of the 
zinc oxide produced during the laboratory experiments was similar to the crude 
zinc oxide produced by HRDC. 
A recent study from the Center for Metals Production considered produc­
tion of zinc as either oxide or metal along with other impurities (lead and 
halides) from EAF dust using the Tetronics plasma furnace (MacRay and Cowx, 
1988). They considered values in the range of 40-70¢/lb of impure zinc pro­
duced by direct condensation the vapors obtained from EAF dust treatment. 
Based on the pUblished data, IITRI used a value of 20¢/lb for zinc pre­
sent in the zinc oxide to determine possible credits. Based on the uncertain­
ties, it is preferable to use such a lower value in economic analysis. The 
value of iron present in the sponge iron was estimated to be 5¢/lb of iron. 
The net annual cost after taking into account the credits was calculated to be 
$95,400 or $150/ton of dust processed as shown in Table 7. Operation of the 
recycle system for 3 shifts/day will reduce the depreciation cost on a per ton 
basis. Based on an annual depreciation of $54,700, cost of depreciation is 
calculated to be $91.16 for a plant operating 1 shift/day (600 tons/year), and 
$30.39 for a plant operating 3 shifts/day (1800 tons/year). Thus, the net ­
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processing cost can be reduced to $98/ton by operating the recycle system for 
3 shifts/day. 
Lower zinc content in the dust and/or lower value for zinc oxide will 
increase the processing costs. Higher zinc content~ production of zinc by 
condensation~ and higher dust processing capacities will reduce the processing 
costs. 
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6. CONCLUSIONS AND RECOMMENDATIONS 
•	 Technical feasibility of the dust recycling method was 
demonstrated through laboratory experiments. 
•	 Experiments conducted using EAF dust samples from three 
steel mills with various product ranges successfully pro­
duced sponge iron and zinc oxide. The recycling method 
can be used to process dusts with wide variations in 
chemical composition. 
•	 Feasibility of processing dusts from other types of melt­
ing equipment (cupolas) was also demonstrated. 
•	 Sponge iron obtained from the recycling experiments was 
low in lead and cadmium content, and can be recycled to 
the arc furnace. 
•	 EPTC tests on sponge iron samples showed it to be non­
toxic, and thus, can be delisted for safe disposal. The 
concentration of lead and cadmium in the leachates was 2 
orders of magnitude below the allowable limits. 
•	 Zinc oxide formed by humidification of the product vapors 
contained 50% by weight zinc or more. Zinc and lead can 
be recovered from the oxide. 
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•	 A preliminary design developed for the prototype system at 
a capacity of 2.5 tons per shift showed that most of the 
equipment can be purchased from commercial sources. 
•	 The capital and operating costs for the prototype system 
were estimated to be comparable or below current costs. 
The net cost of recycling dust was estimated to be $159 
per ton and $98/ton for 1 shift/day and 3 shift/day (240 
days/year) operation after taking into account possible 
credits for zinc and iron. 
The encouraging results obtained under this program warrant further 
development and commercialization of this technology. IITRI recommends that a 
final design for the prototype system be developed so that all the equipment 
can be specified. The prototype system can be obtained! assembled! and tested 
for an extended period of time (a few months) at a steel mill to obtain scale­
up and operational data. The scale of the prototype system can be from 1 to 5 
tons per batch. A full-scale commercial system to process 10!000 tons per 
year or more can be designed based on the data to be obtained from the 
prototype. Additional factors that need to be investigated during the 
prototype testing phase are outlined below. 
•	 Establish the feasibility of recycling sponge iron to the 
arc furnace by melting some of the produced sponge iron. 
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•	 Supply large samples of zinc oxide to recyclers, and 
determine its value. 
•	 Develop optimum pellet loading and unloading procedures. 
•	 Evaluate the feasibility of direct condensation of lead 
and zinc from the product vapors if there is considerable 
difference between the values of impure metal and oxides. 
•	 Operate the prototype system with other steel mill wastes 
such as cupola dust and blast furnace dust, and deter­
mine the viability of the method to process other waste 
materials. 
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